Ion transfer across the polarized interface between a room-temperature ionic liquid (RTIL) or room-temperature molten salt, tetrahexylammonium bis(trifluoromethylsulfonyl)imide (THAC1C1N), and water has been studied voltammetrically using a micro liquid-liquid interface formed at the orifice of a glass capillary micropipette. A small current of nanoampere level circumvents the problem of the iR drop in the viscous ionic liquid phase. Voltammograms for the transfer of moderately hydrophilic ions, such as BF4 -and ClO4 -, from the aqueous phase in the capillary to the bulk of THAC1C1N in which the capillary is submerged, show steady-state characteristics in that the current does not depend on the scan rate up to a few hundred millivolt per second, and the plateau in the limiting current region is proportional to the bulk concentration of analyte ions. Owing to the steady-state current, which is presumably ascribed to a noncylindrical geometry of the capillary tip, the relative magnitude of the hydrophobicity, or the affnity to the RTIL, of a series of ions can be determined from the half-wave potentials of voltammograms.
Introduction
A hydrophobic room-temperature ionic liquid (RTIL, synonymous to room-temperature molten salt) forms a twophase system upon contact with an aqueous phase (W). This new type of liquid-liquid two-phase systems is a promising alternative to conventional organic solvent-water two-phase systems that have been employed for extraction, two-phase organic synthesis, and other chemical processes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In studying the extraction and other charge-transfer processes in such RTIL-W systems, electrochemical view points as well as electrochemical techniques are useful and important for elucidating the fundamental properties of the partition where the phaseboundary potential plays a crucial role. [12] [13] [14] The interface between a RTIL and W may be either polarized or nonpolarized, depending on the solubility or hydrophobicity of the RTIL. [15] [16] [17] [18] When the polarized potential window is wide enough, conventional voltammetric techniques can in principle be employed in studying the charge-transfer processes, 17, 19, 20 as is the case of conventional electrochemical systems composed of an electronic conductor in contact with an electrolyte solution. However, hydrophobic RTILs are generally much more viscous than conventional solvents; the viscosity is typically two orders of magnitude greater than that of water. [21] [22] [23] [24] [25] [26] [27] A large solution resistance in the RTIL phase makes it diffcult to obtain voltammograms without distortion, even after applying positive-feedback compensation of the solution resistance. 17, 19 For voltammetry in highly resistive media, ultramicroelectrodes are known to be useful. [28] [29] [30] [31] [32] [33] [34] [35] In studying charge transfer across the interface between organic solvent-water two-phase systems, a micro liquid-liquid interface formed at the orifice of a capillary or a hole of a thin membrane has been successfully used where the solution resistance in the organic phase is considerably high. [36] [37] [38] [39] [40] [41] In this paper, we describe a successful extension of this approach to the voltammetry of charge transfer in the RTIL-W two-phase systems using a micro liquid-liquid interface formed at the tip of a glass capillary to minimize the influence of the solution resistance.
Experimental
Tetrahexylammonium bis(trifluoromethylsulfonyl)imide (THAC1C1N) was synthesize by mixing tetrahexylammonium chloride and lithium bis(trifluoromethylsulfonyl)imide dissolved in aqueous methanol solutions. The lower dense liquid was repeatedly washed with Milli-Q water until no chloride ions were detected in the washing. The ionic liquid obtained was first dried with a rotary evaporator at 70˚C and then with a vacuum pump. THAC1C1N was saturated with water before use for electrochemical measurements. Other reagents employed were of reagent grade.
A borosilicate glass tube of outer and inner diameters of 1.0 and 0.6 mm, respectively, was drawn with a mechanical puller (Narishige, PC-10) with a two-step drawing process. The shape of the capillary was examined with a microscope. The outer diameter (o.d.) of the final capillaries was typically several micrometers. Since the inner diameter (i.d.) of the capillaries was not precisely determined through an optical microscope, we use in the following the o.d. to characterize the size of the capillary. An aqueous solution was filled in the capillary with a syringe and then a silver wire with electrochemically coated AgCl was inserted in the capillary.
The electrochemical cell is represented as:
where LiC1C1N is lithium bis(trifluoromethylsulfonyl)imide added to W2 to make the W2|M interface nonpolarized and BX stands for NaBF4, KClO4, NaIO4, tetrabutylammonium chloride, tetrapropylammonium chloride, or tetrabutylphosphonium bromide. The current corresponding to the flow of cations from W1 to M was taken to be positive. The potential of the righthand-side terminal with respect to the left is hereafter denoted as E. The cell construction shown in Fig. 1 is basically the same as the one we reported previously, 17 except for the glass capillary, instead of an Ag/AgCl electrode, which was inserted in the RTIL phase. The interface between M and W1 is polarizable, while that at W2 and M is nonpolarized. 16 The temperature of the cell was maintained at 25˚C by circulating water through the outer jacket of the cell. Voltammograms were recorded with a potentiostat (HECS 972, Fusou) equipped with a head box (HECS 972-3, Fusou), through which the potential control and the current recording were made with a computer. The cell and the head box were housed in a shield box. Figure 2 shows the width of the polarized potential window (wppw) of the interface between THAC1C1N and W recorded at the micro liquid-liquid interface formed at the orifice of a glass capillary with an outer diameter of 5 µm. The wppw available was about 300 mV, which is similar to that we obtain at a large and flat interface between THAC1C1N and 0.1 mol dm -3 aqueous LiCl solution, 20 indicating that the polarized interface was formed at the orifice of the capillary. Creeping of the interface from the orifice to the inside of the capillary was not observed before and after recording a voltammogram. Voltammetry measurements without iR compensation are thus possible using a glass micro electrode. Figure 3a shows cyclic voltammograms when the W phase contained 20 mmol dm -3 NaBF4. The current flow to the negative direction indicates that BF4 -ions moved across the interface from W to THAC1C1N in the forward scan and came back from the RTIL to W in the reverse scan. The shape of the voltammograms is different from what we expect for the forward scan in the ion transfer limited by cylindrical diffusion inside the capillary. There appeared a current plateau in the forward scan at all scan rates of 10, 20, 50, 100, and 200 mV s -1 . The height of the limiting current region does not depend on the scan rate. When the transfer of BF4 -ions is limited by linear diffusion inside the capillary, we would have seen a peak instead of a plateau in the limiting current range. In the reverse scan, the peak appeared at higher scan rates of 100 and 200 mV s -1 . This peak is presumably because of the high viscosity of THAC1C1N, 388 mPa s at 25˚C, 26 which does not give enough time to build a radial diffusion field on the RTIL side of the 668 ANALYTICAL SCIENCES MAY 2006, VOL. 22 interface within the time for acquiring a voltammogram.
Results and Discussion
The steady-state character of the current in the forward scan is more clearly seen in Fig. 3b , in which voltammograms in Fig.  3a are superimposed so that the current at E = -180 mV is zero for roughly canceling the contribution of the charging current. Similar steady-state-type CVs have been observed at the DCE|W interface for the transfer of tetraethylammonium ions from the micropipette to the outer DCE phase, 40, 42 and have been called quasi-steady state currents. We also found similar voltammograms of ion transfer at a micro liquid-liquid interface formed at the tip of a glass capillary when the capillary containing an aqueous solution was dipped in a hydrophobic RTIL, N-octadecylisoquinolinium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate. 27 The scan-rate independent plateau suggests that the shape of the capillary shank close to the orifice is not cylindrical. From numerical calculations of voltammograms, we have recently confirmed that such a steady-state current is reproduced when the tip geometry is noncylindrical, that is, conical or tapered. For example, the inner wall having 7˚ for the tapering angle, that is, the angle of the inner wall with respect to the axis of the rotational symmetry, θ, is enough to generate a steady-state current. 43 The limiting current in this case is a function of θ as well as the radius of the orifice of the capillary, r, and increases with θ, reaching a limiting value predicted for the hemispherical diffusion when θ = 90˚. 43 At this extreme, the steady-state current, ISS, should be given by an expression derived for the semispherical diffusion at a inlaid disk electrode, 44, 45 
where z is for an interfacial ion transfer the charge number on the reactant ion with the signed unit of electronic charge or for a redox reaction the number of electrons exchanged between the reactant and the electrode, F is the Faraday constant, D W is the diffusion coeffcient of the ion in W in the capillary, and c 0 is the bulk concentration of the ion in W.
The concentration dependence of the height of the limiting current was examined for the transfer of ClO4 - (Fig. 4a) . Curves 1 through 4 were recorded with a capillary of 6 µm o.d. and curve 5 with a capillary with 7 µm o.d. The limiting current, ISS, is plotted in the inset of Fig. 4a . To take account of the difference in the size of the capillary, the current for 50 mmol dm -3 KClO4 was corrected assuming that the i.d. is proportional to the o.d. and the current density is inversely proportional to the radius of the capillary orifice. It is seen that the current linearly varies with the bulk concentration of ClO4 -in the capillary.
In fact, this slope is much smaller than what is expected from Eq. (1). If we assume 1.8 × 10 -9 m 2 s -1 for the diffusion coeffcient of ClO4 ions in W, we obtain from this slope and Eq.
(1) a value of 2.1 × 10 -7 m for r. This is one order of magnitude smaller that the actual i.d., which should be at least greater than a half of o.d. Because of the dependence of ISS on θ, in the present case, we may write
where f(θ) is a factor that represents the angle dependence of the limiting current and is unity when θ = 90˚. We found from a numerical calculation that f(θ) is about 0.1 when θ is 7˚ and r = 2 µm.
43
With this value of f(θ), Eq. (2) gives a reasonable value, 2.1 µm for the value of r.
The small steady-state current may seem to be disadvantageous in view of the amperometric sensitivity to the analyte ions. However, the small current is preferable with regard to the iR drop, particularly for voltammetry in highly resistive media, like a RTIL in the present case. For a spherical electrode of radius r, the solution resistance around the electrode, Rsol, is given by 46 
Rsol
where κ is the conductivity of the solution. This may be used to estimate the order of magnitude of Rsol on the RTIL side in the vicinity of the capillary orifice. Assuming r = 2.1 µm and 1.3 × 10 -4 S cm -1 for the conductivity of THAC1C1N, 26 we obtain 2.9 M Ω for Rsol. A voltammogram with a current of 1 nA level would suffer an error of 3 mV in controlling E due to the iR drop, which may be permissible for most purposes, except for the rigorous analysis of voltammograms for kinetic studies or precise determination of a half-wave potential.
We analyzed the shape of such steady-state voltammograms. An example for the transfer of ClO4 -is shown in Fig. 4b . After subtracting the charging current at the foot of the voltammograms, the plot of log[(Ilim-I)/I] vs. E showed a straight line and the slope was 57 mV per decade, as shown in the inset of Fig. 4b . Although this slope may be affected by the residual iR drop, this value is close to 59 mV expected for the reversible transfer of a monovalent anion, and assures that the transfer of ClO4 -in the forward scan is electrochemically reversible; the Nernst equation is likely to hold for the partition of ClO4
-in the entire range of E. The half-wave potential, E1/2, for ClO4
-was determined to be 0.212 V. The values of E1/2 were evaluated similarly for BF4 -, IO4 -, tetrabutylammonium (TBA + ), tetrapropylammonium (TPrA + ), and tetrabutylphosphonium (TBP + ) ions, and are listed in Table 1 . The meaning of E1/2 is not straightforward, because θ affects not only ISS but E1/2. The relationship between E1/2 and the formal potential of ion transfer, E 0 ′, is given by
where R is the gas constant and T is the absolute temperature.
For the radial diffusion of a reactant to a small inlaid-disk electrode, α takes a value of 1, and for linear diffusion α is 1/2. 47 Since the viscocity of water-saturated THAC1C1N is 388 mPa s at 25˚C, 26 and that of W1 is about 1 mPa s, the Walden's rule predicts that D W /D M is about 400. The difference between the E1/2 -E 0 values in the two regimes when α = 1 and 1/2 is then large, 77 mV at 25˚C for monovalent ions. The actual value should be somewhere between 77 and 154 mV. Since this value depends on the details of the tip geometry, we leave any quantitative discussion on this matter to a subsequent paper reporting on a numerical study of the shape of voltammograms with differing tip geometry. 43 Suffice it to say here that, for a series of ions having the same charge sign, E1/2 values measured using capillaries with similar shapes and radii may be compared to estimate the relative magnitudes of the Gibbs energy of transfer of ions between the RTIL and W.
It can be seen in Table 1 that the difference in the E1/2 values of TPrA + and TBA + is 0.09 V, which is close to difference in the wppw, 0.11 V, obtained from for TBAC2C2N and TPrAC2C2N, where C2C2N stands for bis(pentafluoroethylsulfonyl)imide. 20 These values are in turn close to the difference in the standard ion-transfer potentials of these ions, 0.10 V, in nitrobenzene (NB)-water two-phase systems. 48 The fact that TBP + is more hydrophobic than TBA + is in harmony with the fact that the standard ion transfer potential of tetramethylphosphonium ions is more negative to tetramethylammonium ions in the NB-W system; the latter is more hydrophilic than the former. 49 The difference in the E1/2 values of ClO4 -and IO4 -ions is 0.01 V, which is in good agreement with 0.012 V for these ions in the NB-W system. The relative magnitude of the hydrophobicity of THAC1C1N is thus similar to those of THAC2C2N, and also of NB, as we suggested previously. 17, 20 Any comparison of the E1/2 values of the cations with those of the anions seems to be premature, as the difference between E1/2 and E 0 ′ due to the difference between the diffusion coefficients of the ions in THAC1C1N and W is opposite for the cations and anions, and the magnitude of the difference is presumably large, yet unknown. The fact that the E1/2 value of TPrA + is 0.02 V more positive than that of ClO4 -in Table 1 may be used to estimate the value of α in Eq. (4). The standard ion-transfer
potential of TPrA + is 0.09 V more negative to that of ClO4 -in the NB-W system.
If this is the case in the present THAC1C1N-W system, the value of α would be about 0.4. This rough estimate suggests that the steady-state current-potential curves in Figs. 3 and 4 retain a linear-diffusion character with regard to the location of E1/2.
Conclusions
The micro liquid-liquid interface formed at the orifice of a micropipette is useful to obtain current-potential curves for ion transfer across the interface between an aqueous solution and THAC1C1N, a viscous RTIL. The current of nA level allows us to minimize the effect of the solution resistance on voltammetry below the level of a few millivolt, even though the solution resistance is on the order of a few MΩ. The transfer of ions from the interior of the micropipette to the RTIL shows a steady-state current. However, its magnitude is considerably smaller than the current limited by hemispherical diffusion to a inlaid-disk type interface. The ion transfer is reversible and the half-wave potential can be utilized for estimating the relative magnitude of the affinity of ions to the RTIL, or hydrophobicity, but only for those with the same charge and sign on the ions. ANALYTICAL SCIENCES MAY 2006, VOL. 22 
